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Effect of Rate and Level of Lowered Fi -
Surface Temperature on Manual Pedformance

o ~ Lokh&~d Thomas J.ep~~
Naticl Massachutts /

SThirty-two subjects were tested on six manual tasu when the right forefinger
surface temperature was eithe, not lowered _f(.,th.gotro Rcodilition, or
towered to temp ratures of 63w -•5 , asnd 4S7• ...... • J - '~-

_:ý ý = r"Sor S0 smdnutes of cooling. Performance onalt talks
_decreased with lowered surface temperature. The level of finger surface tem-

perature associated wlth impaired performance and the extent of the perform-
ance decrements associated with additional cooling varied across tasks and
cooling rate. The differential effects of local cooling on manual performance
across tasks and cooling rates were analyzed in terms of the differential sus-
ceptibility of hand function to parameters of cold exposure and the selective
requirements across aspects of manual performance for unimpaired functioning
of the hands and arms.

The purpose of the present study was to performance decrements are assumed to be
investigate the effects of rate of cooling and dependent upon the parameters of cold ex-
level of lowered hand skin temperature on posure and the type of manual performance
manual performance. Performance was mea- involved. Parameters of cold exposure "nclude
sured on a battery of six different tasks under level of hand skin temperature, rate of cool-
normal ambient temperatures and when finger ing, and locus of cooling.
surface temperature was lowered to 65, 55%, The determining surface temperature for

or 45' Fahrenheit (18.3%, 12.8%, or 7.2' Cen- impaired manual performance varies from 86'
tigrade) after 5 or 50 minutes of exposure to Fahrenheit (30' Centigrade) to below 55'

varying levels of ambient temperature and air Fahrenheit (12.8' Centigrade) depending
movement, upon the task being performed and the part

Exposure of the hand to cold results in a of the body being cooled. Thus, lowering fore-
lowering of hand skin temperature and in de- arm muscle temperature below about 86'
crements in performace on manual dexterity Fahrenheit (30* Centigrade) results In grad-
tasks (Bartlett & G now, 1952; McCleary, ual reduction of hand grip strength (Hell-
1953). Cold-impairednanual performance is strom, 1965); lowering finger surface temper-
assumed to result fr a loss of cutaneous ature below 68' Fahrenheit (20' Centigrade)
sensitivity (Mackwork, 1953), changes in impairs the rotation of an object between the
the characteristics of ynovial fluid in the thumb and forefinger (Hellstror", 1965); and
joints, (Hunter, Kerr, Whillans, 1952), or lowering finger surface temperature from 60'
a loss of muscle streng (Hellstrom, 1965). to 55' Fahrenheit (15.6' to 12 8' Centigrade)
The relative contributi a of these and other impairs knot-tying performance (Clark, 1961).

unspecified factors to cold-induced manual In an investigation of the effect of rate of
cooling on knot-tying performance, Clark and

I The authors express their appreciatios. to Carolyn Cohen (1960) found that slow cooling to a
K. Bensel for her criticisms of drafts of this report. 45' Fahrenheit finger temperature resulted in

I Request for reprints should be sent to John M.
Lockhart, Pioneering Research Lahoratory, United greater knot-tying decrements than did fast
States Army Natick Laboratories, Natick, Masse- cooling to the same temperature. The differ-
chusetts 01760.

'Now with the Department of Psychology, Fram- ence between the slow and the fast cooling
lngham State College, 'renet-.4am, Masachusetta conditions persisted when the hands were re-

01701. warmed by exposure to normal ambient tees-
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peratures, but did not persist when an electric box in order to supply varying levels of wind move.
muff was used to rewarm the hands. Clark ment. Two mock hand-cooling boxes consisting of

large pieces of plywood with armholes and a windowand Cohen (l9601 inferred that olow cooling were used during the pra-ti.r session. Hand skin
rates resulted in relatively lower subsurface temperature was measured by copper constantas
temperatures and attributed the rewarrning thermocouples and recorded by a Lecds-Northrup
difference to the relative effectiveness of ra- Speedomax recorder.

The following tasks were used: block packing,dlan hea in aisng sbsuracetempratues, block stringing, Craik scrtw, knot tying, Purdue Peg-
The effect of radiant heat on hand sub- board assembly, and screw tightening. The block-

surface temperature was inferred also by packing task consisted of packing 2.54-centimuter
Lockhart and Kiess (1971) when they found blocks, one at a time, into a box. For the block-
thac the application of radiant heat to bare stringing task, each subject strung 2.54-centimeter
hands during cold exposure prevented o blocks, with a hole through each face, onto a needle

or and thread. The Cralk screw task consisted of metal
alleviated cold-impaired manual performance, screwheads, five millimeters in diameter located seven
but had only a slight effect on hand surface millimeters apart along the face of a metal bar.
temperatures. In that study the relative effec- The subject, using his thumb and forefinger, relocated

fradiant heat applications in pre- each screw one at a time. For the knot-tying ink,tiveness of rthe subject was required to tie a standard knot on
venting cold-impaired manual performance each of a number of strings hanging from a rotatable
varied across tasks. It is hypothesized that disk. On the Purdue Pegboard assembly task, the
those tasks for wht :h radiant heat was rela- subjects constructed peg, washer, collar, washer units.
tively more successful In preventing cold im. Screw-tightening consisted of tightening and loosen-

ing vertically mounted, spriug-loedj screws with a
pairment (Purdue Pegboard assembly and screwdriver.

knot-tying) would be more susceptible to slow
cooling effects (an Inferred greater reduction Procedure
in subsurface temperAtures) than those tasks Prior to testing, each subject practiced on eac
(block packing, block stringing, and screw task for five days. For four tasks, there were five
tightening) which were relatively less affected practice trials per day with a trial defined as 30
by radiant beat applications during cold ex. blocks packed, 15 blocks strung, six small screws re-

tlocated, or three screws turned five complete turns
posure. The present study was conducted to in and five turns out. For the remoinle ý'wo tasks,
test this specific hypothesis as well as to de- there were 10 practice trials per day. Tmety knots
termine the limiting finger surface tempera- were tied, or six peg, washer, collar, washer units
tore for unimpaired performance acrrss a were assembled per trial. During practice, which was

conducted at an ambient temperature of 70' Fahren-
battery of manual performance tasks. helt (21.1* Centigrade) the subjects worked in pairs

(one from each rate of cooling group) at the mock
METHOD hand-cooling boxes. The subjects practiced with

thcrmocouples taped on two fingers, back of hand,Subjects and forearm of both the right and the left arms, but

The subjects were 32 enlisted men who volunteered the thermocouple output was not recorded. The sub-
for assignment to the Climatic Research Laboratory jects wore the standard Army fatigue uniform during
of the United Stotes Army Natick Laboratories. The the practice days.
subjects ranged in age from 19 to 25 years and bad For the experimental sessions, the 32 subjects were
previous experience in cold exposure experiments, divided randomly Into four groups of eight subjects

each. These groups were tested during consecutive
Apparatus and Tasks weeks with each group receiving, In a different order,

the four finger surface temperature conditions: a"Tbe experimental sessions were conducted in an control condition with no cooling and three condi.
eovironmental chamber with an ambient temperature lions in which finger surface temperature was lowered
of approximately 73S Fahrenheit (23.9* Centigrade). #o either 6S', 55°, or 45" Fahrenheit (18.3%, 12i',
To attain various levels of 9,ger surface temperature 7.2' Centigrade). Over the four groups, the order of
with two cooling rates (S versus SO minutes of en- presentation of the temperature conditions was
posure to varying levels cf ambient temperature and counterbalanced across days. WIthin each group, four
ale movement), the subjects placed their hands inside subjects were tested in the morning and four in the
a large huad-cooling box with a thermostatically con- afternoon. In both the morning and the afternoon,
trolled cooling element. The subject placed his hands the desired finger surface temperature condition was
In the box through two armholes and viewed the attained after either S minutes of cold exposure (half
Interior of the box through a window. Two smail of the subjects) or SO minutes of cold exposure (the
variable speed fam were mounted Inside the cooling other half of the subjects).
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On any given test day, a subject entered the tem- temperature and wind movement continued to be
perature-controled chamber (M' Fahrenheit, 23.9o manipulated in order to maintain the required surface
Centigrade) dressed in the standard Army latlgue temperature. The surface temperature of the eight
uniform. Eac4 ztsjeoct removed the fatigue shirt, and forefinger was used as the criterion,
thermocouples, secured by adhesive tape, were placed EZperimnestsl design. The data for each task was
on (a) both forefingers and both little fingers at the analyzed separately using a Latin square analysis of
base of the nail; (b) the dorsal surface of both variance design in which sequence, rate of cooling,
hands; ard (c) both forearms. Each subject sat on and time of day were between-subjects variables and
an adjustable stool with both hands In the hand- order (days), right-forefinger surface temperature,
cooling box. Box temperature and air movement were and square uniqueness were the remaining variables.
manipulated In order to achieve a given surface tem- The four orders of presentation of the finger surface
perature condition within the required exposure temperature conditions represented four different
period. Box temperature varied from 0* Fahrenheit sequences. Rate of cooling referred to the f-minute
(-17.5' Centigeade) op to approximately 04' False- (fast cooling) and SO-minute (stow cooling) enposure
enkelt (28.9' Centigrade). The variable speed fans periods to attain criterion surface temperatures. Test
were off (0 miles per hour) or on with air movement sessions were conducted either In the morning or In
varing from 1.1 to 16.1 miles per hour. After the 5- the afternoon (time of day). The test sessions were
or S0-minute exposure period, the subject porformed conducted across four consecutive days or orders.
three consecutive 30-second trials on each of the six The right-forefinger surface temperature of each sub-
tasks. Order of task presentation was partially ject was either not cooled (control) or lowered to
counterbalanced across conditions and within a rate approximately 65', 5'°, or 43' Fahrenheit (19.3',
of cooling group. The task score during cold ex- 12.8', or 7.23 Centigrade). These temperature condi-
posure was the mean across three 30-second trials of tions were presented In accordance with the Latin
the number of task components completed in 30 letters In the design. Significant main effects and In-
seconds. teractions were analyzed further using the Newman-

While each subject was performing the tasks, box Keuls test.

TA13LE I
MEAN AND STAeNDARD DEviATION OF SURFxACE TEMPERATURES (* FAnNHEiT) AT DsImENoT

REcoDoaNo SITZS FOR EACsc SorAcE ToapE.RAR CONDITION

.. Cooli ... d condition Left-hand condition
Recording aito Cooling nrenhelt) (0 Fahrmnhe~t)

rate -..-..-
Control 650 550 450 Control 65' 55* 450

Forofinger Fast
2 94.1. 66.1 56.7 47.. 93.6 65.2 56.1 47.6
SD 2.0 3.3 1.8 2.9 2.2 2.0 2.0 1.8

Slow
o 93.4 64.4 56.8 49.0 93.8 64.4 56.6 47.0
SD 2.2 3.4 2.7 3 2.4 3.0 2.4 1.8

Little finger Fast
t 92.9 66.' 57.6 49.4 93.6 68.6 59.4 51.0

SD 1.9 5.1 4.1 3.8 2.0 7.5 5.0 2.7
Slow

it 92.2 61.4 56.0 46.8 93.9 63.4 56.2 49.2
SD 2.5 3.7 3.9 7 2.4 3.5 3.4 3.4

Back of hand Fast
2" 93.8 73.0 66,J 55.6 92.2 75.4 66.4 57.3SD 1.8 3.8 5.4 4.8 3.1 5.5 6.8 4.1

Slow
2 92.8 75.2 68.0 52.6 93.1 76.7 65.4 54.4
SD 2.7 3.3 S.3 5.4 4.6 2.5 4.9 4.7

Forearm Fast
2 92.9 81.2 79.8 7 9..6 83.2 79.9 76.8
SD 1.8 4.2 6.2 . 4.2 4.0 4.4 3.7

Slow
_ 93.2 83.0 81.2 7 92.4 83.4 82.0 75.2SD 3.2 3.4 2.8 4.2 3.6 3.8 8.1
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REsuLTs TABLE 2
Surface Temperature MeAN TAse SCOax FoR EACH SURP ZC

""T pzRATURE Cosnrrios

The mean surface temperatures at both
forefingers, little fingers, backs of hand, and Condition (0 Fahrenheit)
forearms while the tasks were being per. Task
formed are presented in Table 1. The attempt Cont-ol 6°' ss° 4s'
to maintain a 45' Fahrenheit (7.20 Centi- I
grade) right-forefinger surface temperature Block Packing 30.1 29.8 28.5 26.9
was not successful. At all temperature condi- Block striaging 14.5 14.1 13.4 11.3
dons, surface temperatures at the little fingers Crak screw 13.5 12.9 11.7 10.0
were similar to those at the forefingers and, Knot tying 17.2 16.4 1S.t 12.3
for the 55° and 45 * Fahrenheit conditions, the Purdue Pegboard 23.7 22.2 20.1 14.6
temperatures of these fingers were below those Screw tightening 33.6 31.1 27.5 21.6
levels generally associated with 'mpeired mar-
ual performance. r,* . The dleeren,. between oer. aithl. ech tbuk that

are not underlined arm dslnlficant (P C .05) u-sla the Ne-wma-
Task Performance Keul. test.

The main effect of temperature was signifi- 2). When averaged across cooling rate, numn
cant in the analysis of the data for all tasks: block-packing, block-stringing, Craik screw,
block packing (F = 17.15, di = 3/48, p < and knot-tying scores were not significantly
.001); block stringing (F = 48.80, di = 3/48, lower than those for the control condition un-
p < .001); Cralk screw (F = 28.23, di = 3/ til finger surface temperature was lowered to
48, p < .001); knot tying (F = 44.29, di = SS* Fahrenheit. With additional cooling, per-
3/48, p < .001); Purdue Pegboard assembly formance on these four tasks was significantly
(FP= 92.21, d/= 3/48, p < .001); screw lower than performance at 55 Fahrenhelt.
tightening (F = 56.45, d] = 3/48, p < .00i). For the block-packing task alone, performance

Rate of cooling was a significant main effect at S5° Fahrenheit did not differ signifirantly
only in the analysis of the block-stringing from that at 65' Fahrenheit. Purdue Peg-
data (F = 4.55, d- = 1/16, p < .05). The board assembly and screw-tightening per-
Rate of Ccoling x Temperature interaction 'ormance was impaired, relative to the control
was significant in the analysis of the block condition, at the 65" Fahrenheit finger sur-
stringing (F = 5.86, df = 3/48, p < .005), face temperature and became progressively
Cralk screw (F = 3.73, di = 3/48, p < .025), worse as suriace temperature decreased.
and Purdue Pegboard assembly (F = 5.35, The means from the significant Rate of
di = 3/48, p < .005) data. For the block Cooling x Temperature interactions were ana-
packing data, the Rate of Cooling x Temper- lysed further using the Newman-Keuls test.
ature interaction F ratio was equal to 2.34 Mean scores significantly lower than those
with P < .10. The results of the Newman- for the control condition occurred at 55S
Keuls analysis of the means from the signifi- Fahrenheit with slow cooling and at 45' Fahr-
cant surface temperature effects are presented enhelt with fast cooling for the block-string-
in Table 2. Figures I and 2 present mean task ing task and at both 55* Fahrenheit surface
scores as a function of finger surface tempera- temperature conditions for the Cralk screw
ture conditions for fast and slow rates of cool- task. Performance on both tasks continued
ing. The results of the Newman-Ketts analy- to decline only for the 45° Fahrenheit, slow
sis of the significant (p < .05) Rate of Cool- rate condition (Figure 1). Differential rate
ing X Temperature interactions are presented effects on performance as a function of tees-
in the figures as solid lires encompassing those perature were supported by subsequent analy-
points which are not significantly different ses of variance In which the control data were
from one another, excluded. The Rate of Cooling x Tempera-

The main effect of surface temperature on ture interaction was significant in the analy-
performance differed across tasks (see Table sis of the block-stringing (F = 3.78, dl -
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ssom 1. Meag block-pecking, bWock-atsingl, Cralk screw, and knot-tylng Kcorea as a functfon
of fSegr surface ta•mprature for fiat and slow rates of cooliag.

2/60, p < .05) and the Cralk screw (F - effects of rate of cooling (F = 4.56, df = 1/
S.32, dI = 2/60, p < .01) data. 30, p < O5) and finger surface temperature

Purdue Pegboard assembly performance (P = 81.26, d1 = 2/60, t < .001) were slg-
was Impeire relative to the control condition nificant. The interaction term (F = 2.76,
at 65" Fahrenheit with slow cooling and at d/ 1 2/60,j# < .10) wa not significant.
550 Fahrenheit with fast cooling. Moe scores
for these two conditions were not different DrncuasoN

from each other. The 550 Fahrenheit, slow In the present experiment, rate of cooling
cooling, the 45* Fahrenheit, fast cooling, and did not affect knot-tying performance. PM-
the 4W" Fahrenheit, slow cooling conditions viously, the effects of rate of cooling and level
resulted In a continued worsening of Purdue of hand skin temperature on knot-tying per-
Pegboard assembly performance (Figure 2). formance had been found to interact (Clark
The absence of differential rate effects for the & Cohen, 1960). In spite of the many differ.
lower temperature conditions was supported eruces in procedure between the two studies,
by subsequent analysis In which the control it Is proposed that the failure in the present
data was excluded. In that analysis, the main study to attain the 450 Fahrenheit criterion
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temperature (mean right-forefinger surface the limiting hand skin temperature for unim-
temperatures were 47.9* and 49.00 Fabren- paired manual performance during cold ex-
helt (8.8' and 9.4' Centigrade)) underlies posure depended upon the task and the rate
the absence of a significant temperature level of cooling. For a given task, Initial cold im-
by cooling rate interaction for knot-tying per- pairment may occur when finger surface tem-
formance. perature is lowered slowly to 55' Fahrenheit

The results of the present experiment have (12.8' Centigrade). If the fingers have been
both practical and theoretical implications. In cooled rapidly, Initial cold impairment may
considering the practical implications, de- not appear until the surface temperature has
velopers of equipment to be operated by man reached 48' Fahrenheit (8.9' Centigrade).
In cold climates and designers of protective For still another task, initial cold impairment
equipment have been concerned with the level may be present with surface temperatures as
of cooling associated with impaired perform- high as 65° Fahrenheit (18.3' Centigrade)
ance, the extent of impairment, and the as- with slow cooling or 55' Fahrenheit (12.8'
pects of manual performance impaired by cold Centigrade) with fast cooling. One of the en-
exposure. Such information in the form of the gineering options to alleviate cold-impaired
approximate mean percentage of reduction in performance suggested by these results Is the
performance as a function of level of hand design of equipment to modify the tasks re-
skin temperature and cooling rate is presented quired. Modifications which result In larger
In Table 3 for each task used in the present objects to be manipulated and which require
study. As can be seen in the present context, less joint movement presumably should re-

36.0-

24.0 6.0
0 34.0 FAST o-a

SLOW O---O

22.0 - 32.0- 0
O cc

%. 30.01
ink

2O.12.0 z26.0

24.0
16.0

12.0 TROL E60 *6 45 CONTROL 65024.0-
15.0 45

HAND SKIN TEMPERATURE (OF)

YLFure 2. Mean Purdue Pelboard assembly and screw-tlahtening scores a a function of Ane
surface temperature for fast mad slow rates of cooling.
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TABLE 3 Wrist-Finger Speed, Aiming, and Speed of
MsAS PEcnserAoE op DmcazuEN roum Arm Moveme,.t (Fleishman & Ellison, 1962).

CoNmoL PERFORMANCE 0 the taukL used in the present study, the
Purdue Perboard assembly task has been

Surface temperature identified with the Finger Dexterity factor of

Ta"(k Fahrenheit) manipulative performance. The block-packing
task is assumed to be the task In the present

orate 65 35' 48° battery most similar to the Minnesota Rate

-- of Manipulation-placing task which has been
Block packing 4 10 used to define the Manual Dexterity factor
Block stringing Fast 12 (Fleishman & Ellison, 1962). Thus, differ-

Slow 12 30 ences in response to cold exposure between
Craik screw Fast 14 14 the Purdue Pegboard assembly task and the

Slow 14 27 block-packing task are regarded as reflecting
Knot tying 12 28 differences between finger dexterity and man-
Purdue Pegboard P'., 8 29 ual dexterity.

OSow 8 21 45 The following analysis of performance on
Screw tightening 7 20 37 the Purdue Pegboard assembly and the block-Screw tightenig2 packing tasks is illustrative of possible rela-

tionships among aspects Cf manipulative per-
formance, functional integrity of the hand,

suit in performance reductions no greater and parameters of cold exposure. An impor-
than 10%7b, even when finger surface tempera- tant, assumed relationship between manual
tore is lowered to an average of 48' Fahren- dexterity (manipulation of large objects) and
heit (8.9* Centigrade). The results of the finger dexterity (manipulation of small ob-
present study also suggest minimizing require- jects) is the increased dependence on sensory
ments associated with the screw-tightening feedback from joint articulation as the ma-
task. Screw-tightening performance was ira- nipulated object becomes smaller. Thus, when
paired on the order of 896 when finger surface the fingers become stiff during cold exposure,

temperature was lowered to only 655 Fahren- and the sensory feedback is reduced, finger
heft (18.30 Centigrade). When finger surface dexterity tasks show a greater impairment
temperature was lowered to 48' Fahrenheit than manual dexterity tasks. In the present
(8.90), screw-tightening performance was re- study, Purdue Pegboard assembly perform-
duced by 37%. ance was impaired when finger surface tem-

In the present study, the effects of rate peratures were lowered to 650 Fahrenheitacrossttaskswsuggestethatt(a)5manualetasks
and level of cooling on manual performance (18.30 Centigrade) using a slow rate of cool-across tasks suggest that (a) manual tasks Inort 5Faehit(28Cnigd)
differ from each other with respect to rela- Ing or to 55' Fahrenheit (12.80 Centigrade)
tive dependence on aspects of manual per- with a fast cooling rate. Continued slow cool-
formance; (b) aspects of manual performance Ing to a 48' Fahrenheit (8.90 Centigrade)
differ, relative to each other, in their depen- finger surface temperature resulted in reduc-
dence on unimpaired functioning of cutaneous tions in performance on the order of 450 By
receptors, finger joints, muscles, and nerves, increasing object size and thereby minimizing
and (c) parameters of cold exposure Interact controlled finger articulation, the size of cold
in their effects on the hand. For example, a induced performance decrements should be
lower subsurface hand temperature is inferred reduced, and the surface temperature level at
for slow cooling than for fast cooling to a which Initial impairments occur shoull be
fixed level of surface temperature. Manual lowered even with slow cooling. This relation-
tasks, in fact, do differ and the factors of ship was found when block-packing perform-
manipulative performance have been identi- ance during cold exposure was compared with
fled as Manual Dexterity, Finger Dexterity, Purdue Pegboard assembly performance.
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